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Abstract 
Self-heat recuperation (SHR) technology has been proven to reduce exergy loss in different process systems, which 
lead to large energy savings due to its non-combustion process. The purpose of this research is to develop a novel 
self-heat recuperative heat circulation system using thermoelectric (TE) device as a heat circulator for non-gaseous 
systems. Most research involving TE coolers is related to maximizing the temperature difference (ΔT) of a device, 
whereas in self-heat recuperative heat circulator, a large ΔT is not required, but only a minimum temperature 
difference between the surfaces of the TE device and process fluid (ΔTmin)  for self-heat exchange is required in order 
to use it as a heat circulator. The lower ΔT can enable the use of the high COP region of TE devices. 
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1. Introduction 
Recently, the authors have been developing self-heat recuperation (SHR) technology (Kansha et. al [1]) 
as an energy saving technology where both the latent heat and sensible heat of a process stream can be 
circulated without any heat addition by means of compression of the effluent gas. This technology can be 
applied to various thermal processes such as distillation [2], air separation [3] and biomass drying [4] 
while achieving drastic energy savings between 40-85%. In self-heat recuperation technology, all process 
stream heat is recirculated by providing work to recuperate the heat exergy. The total energy consumption 
in the self-heat recuperative thermal process is much smaller to that of conventional thermal process with  
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Nomenclature 
α Seebeck coefficient [V/K]   ΔT  Th-Tc [K]  
ρ  electrical resistivity [Ω-cm]  Qc/Qh heat transfer cold/hot side [W] 
κ thermal conductivity [W/cm-K]  hc/hh heat transfer coefficients  [W/m2-K] 
Z figure of merit [-]    N number of thermocouples [-] 
G ratio b/w area and height of pellet [cm] COP coefficient of performance [-]  
Th  hot-side temperature of TE device [K] A surface area of TE module  [mm2] 
Tc  cold-side temperature of TE device [K]  ΔTmin minimum temperature difference for  
Tb  bulk fluid temperature [K]    self-heat exchange [K] 
 
feed-effluent heat exchange [5]. This system that uses the principle of self-heat recuperation is defined 
as a heat circulator. 
In this study we propose a novel SHR heat circulator using TE device. TE device works based on the 
principle of peltier effect that is when current flows through dissimilar materials connected at the ends, the 
charge inside the material flows in the same (holes) or opposite (electrons) direction to the current flow 
carrying the heat from one end to the other end. Unlike the vapor compression cycle where it adiabatically 
compresses gas to increase temperature, TE device uses charge carriers as the heat carrier, therefore 
making it possible to apply SHR technology to non-gaseous phase systems. In addition, the low ΔT 
required for SHR application enables the usage of the available materials today for energy saving process, 
therefore widening the possible application of TE device. 
2. Thermoelectric Device Heat Circulation 
2.1. Thermoelectric Energy Balance 
TE device uses solid-state device based on peltier effect to pump heat away from a one medium to 
another medium, with no moving parts or fluid movement [6]. TE device consists of a series of p-type 
and n-type semiconductor element junctions that are sandwiched between ceramic plates that isolates 
electrical current but allows heat to pass through. The surface energy balance of a TE device can be 
derived simply by taking the control volume around the device which results as the following 
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where Qc (cold side heat transfer) can be translated as the heat being circulated inside the system because 
of the following relation W=Qh-Qc where there is always excess heat on Qh (hot side heat transfer) due to 
joule heating and conduction heat. Note these equations are only applicable to one-dimensional heat 
transfer and do not include any contact resistance. 
2.2. Thermoelectric Heat Circulator 
To perform a study of TE device for SHR heat circulator application, the following steady-state case is 
considered: one side is used to evaporate the process liquid (water) and the other side is used to 
condensate vapor (steam) maintaining constant temperature of the bulk fluid (Tb) (figure 1(a)). The 
vaporized water takes place in the upper container which then is piped to the lower container where it 
contacts the TE device surface and condenses into droplets. The condensed water is then pumped back to 
the upper container where the excess heat (equal to the work input) is removed in order to keep the system 
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in equilibrium. Figure 1(a) shows the flow diagram of the proposed system and figure 1(b) shows the 
temperature-entropy diagram of the proposed system with both the device and fluid temperature-entropy 
relation shown. The heat transfer rate between the TE device and the fluid is defined as 
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Figure 1. (a) Heat circulator flow diagram (b) T-S Diagram for TE device heat circulator for reversible TE device 
 
The generic TE device material properties used throughout this paper is shown in Table 1. The properties 
of the device were extracted from the manufacturer’s data sheet using [7]. 
Table 1. Benchmark Material Properties of TE Device  
Material Properties (Bi2Te3) Value  Material Properties (Bi2Te3) Value 
Seebeck Coefficient  (α  2.0 x 10-4 [V/K] Area of 1 pellet 36 [mm2] 
Resistivity (ρ)  5.6 x 10-4 [Ohm-cm] Pellet height 2 [mm] 
Thermal Conductivity (κ 2.8 x 10-2 [W/(cm-K)] Number of thermocouples (N) 127 [-] 
Figure of Merit (Z)/(ZT@300K)  2.5 x 10-3 /7.5 x 10-1 [-] Surface Area of TE Module (A) 1600 [mm2] 
3. Results and Discussion 
It is common to use the figure-of-merit (FOM) as a performance index for TE device which is a 
function of its material properties 
 
     (5) 
 
Using (1), (2), (3), (4) and (5) the maximum attainable COP (COPmax), where the optimum point of (2) 
exists, can be calculated. Figure 3(a) shows the COPmax values with respect to FOM for different ΔT 
values. The ΔT values have significant impact on the COPmax values. With lower ΔT values, as a result of 
the small fourier heat loss, a small increase in FOM results in a large increase in COPmax. Additionally, 
the currently available FOM of the TE device (0.75-1) is also indicated in the graph. 
Using the same equations as before, the effects of device (pellet) height can be analyzed. Figure 3(b) 
shows the effect of pellet height of the device (see Table 1) on COP, ΔT and Qc. The heat transfer is 
assumed to be adiabatic and no contact resistance is considered. There exists an optimum height (~1.5 
mm for this case) indicated by the intersection of the COP and COPmax curves. An optimum height exists 
in the device due to the existence of an optimum point between the Peltier effect and the irreversibility 
caused by conduction and joule heating (3). Due to the low ΔT, the conduction loss is negligible. 
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However, the joule heating increases exponentially compared to the linear increase of the Peltier effect. 
The pellet height provided in table 1 is near the optimum point. Figure 3(b) also shows that ΔT and Qc 
increases with increasing height.  
Also using the same equations as before, the effects heat transfer coefficient can be analyzed. The 
effect of the heat transfer coefficient is quite straight forward. As the heat transfer coefficient increases, 
the ΔT becomes smaller which results in higher COP. In figure 3(c), an exponential increase of the COP 
with respect to hh is observed (hc is kept constant at 10 kW/m2-K). Also displayed in figure 3(c) is COP as 
a function of ΔT as hh varies from 1.65 to 10 kW/m2-K where the maximum value of each curve is where 
hh is at its maximum value.  
 
                                                    
Figure 3.  (a) COPmax values based on figure-of-merit values at 300K for different temperatures (Tc=373K) 
(b) COP, ΔT and Qc as a function of device height. Other parameters: hc = hh= 10 kW/m2-K, Tb = 373K and I = 0.5A 
(c) Heat transfer coefficient effect on COP and ΔT.  Other parameters hc = 10 kW/m2-K and Tb = 373K 
 
4. Conclusion 
A conceptual design of SHR heat circulator using TE device was proposed. The low ΔT increases the 
COP of the device significantly with respect to increase of Z, increasing the potential of using TE device 
as a heat circulator even with small increase of Z. Optimum height of TE device heat circulator was 
calculated and direct effect of heat transfer coefficient on optimum height was observed. Heat transfer 
coefficient has an important role in determining the plausibility of using a TE device as a heat circulator. 
Another method to increase the heat transfer coefficient is by increasing the area of the TE device.  
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